A membrane bioreactor (MBR) with ordinary aeration (reactor R1) and a MBR with microporous aeration (reactor R2) are conducted in parallel to investigate the characteristics of oily sludge and its effect on membrane fouling. The results indicate that the order of membrane fouling rate from high to low is: reactor R1 dissolved oxygen (DO) (1 mg/L) > reactor R2 DO (1 mg/L) > reactor R1 DO (4 mg/L) > reactor R2 DO (4 mg/L). Membrane fouling rate is not related to oily sludge concentration but to oily sludge sedimentation performance and the small particle oily sludge is the key factor to affect the membrane fouling. The soluble microbial products (SMP) are examined by three-dimensional excitation-emission matrix (3DEEM) fluorescence spectra. 3DEEM spectra demonstrate that the main organic substances of the SMP in two reactors are tyrosine aromatic protein, fulvic acid-like substances and soluble microbial products under DO are1 mg/L and 4 mg/L, respectively. The proportion sum of fulvic acid-like substances and soluble microbial products is the key factor affecting membrane fouling, and membrane fouling accelerates as the ratio increases.
Introduction
A membrane bioreactor (MBR) has the advantages of high efficiency and flexibility over traditional biological treatment [1] [2] [3] , while the problem of membrane fouling generated in MBR has limited the promotion of the technol-ogy in practical application during the operation [4] [5] [6] [7] . There are many factors that affect membrane fouling, some researchers think that the metabolites produced by microbial adhesion on the membrane surface are the main factors caused membrane fouling [8] [9] [10] [11] , and other researchers believe that the excess concentration of extracellular polymers (EPS) produced by activated sludge is the main pollution factor leading to membrane pore clogging [12] [13] [14] . At present, the mechanism of membrane fouling has not conclusive, but the direct relationship between sludge characteristics and membrane fouling rate has been recognized [15] [16] . The influence of process conditions on membrane fouling is generally achieved by regulating the characteristics of oily sludge, and it has become a research hotspot [17] [18] [19] .
Early studies have shown that the aeration device located at the bottom of the membrane module could reduce membrane fouling effectively [20] . At present, this idea has been incorporated into the design of MBR process, and the relationship between aeration mode and membrane fouling has attracted the attention of researchers. Yousef et al. [21] studied membrane fouling under different aeration rates and found that the membrane fouling rate was the lowest when the aeration rate was 151 L/h; Riccardo et al. [22] studied the effects of the formation of extracellular polymers on membrane fouling in three intermittent aeration conditions. It was found that the membrane fouling was different with each stage, and the greatest influence was the third stage. It was clear that the different aeration condition had a great influence on the membrane fouling [23] , but the most of the researches were devoted to the effects of aeration condition such as intermittent aeration and aeration rate on membrane fouling, and there was less attention to the effect of aeration bubbles. The deep relationship between sludge properties and membrane fouling caused by different aeration method has not been clarified.
In this study, self-assembled MBR is used to investigate the effect of microporous aeration and ordinary aeration on membrane fouling rate. MBR operating efficiency and the relationship between oily sludge properties and membrane fouling are studied when DO is set at 1 mg/L and 4 mg/L (guaranteed the maximum and minimum DO of processing efficiency) under microporous aeration and ordinary aeration conditions.
Materials and Methods

Raw Wastewater Characteristics
The wastewater is collected from an oil well fracturing fluid return tank in Karamay, China. The experimental wastewater is electrocatalyzed effluent and its characteristics are shown in Table 1 . 
Experimental Set-Up and Operating Conditions
The experimental system consists of two membrane bioreactors (MBRs) which are operated in parallel ( Figure 1 •h for each module. Air diffusers are located at the bottom of each reactor to provide aeration demanded by the microorganisms and to induce a cross-flow velocity. The microporous aeration head has a mean pore size of 150 -200 μm and ordinary aeration head has a mean pore size of 800 -1500 μm. The mixture liquor is filtered by the membrane module under suction of the pump. The parameters of the experimental device are shown in Table 2 . During the operational process, the aeration head and the air diffuser work continuously, and the intermittent filtration mode of effluent is used, i.e., 1 min suction followed by 8 min relaxation is adopted for membrane in two MBRs. The hydraulic retention time (HRT) for each reactor is set for 10 h and the sludge retention time is 20 d. The activated sludge used in this study is collected from an aeration tank in Zhongshui Sewage Treatment Plant, Jingzhou, China.
Method of Analysis and Extraction of SMP
NH 3 -N, TN, COD, MLSS, pH and DO are measured by using their respective laboratory standard methods. Ammonia nitrogen (NH 3 -N) is measured according to the standard method by using visible spectrophotometer (V-5600, Metash Inc., China) [24] . Total nitrogen (TN) is determined by using anultraviolet-visible spectrophotometer (UV-2450, Shimadzu Inc, Japan) [25] . COD is measured by using the potassium dichromate method [26] . pH values, DO and water temperature are measured by using a dissolved oxygen analyzer (YSI550A, YSI Inc, USA). MLSS is measured in accordance with the standard method (gravimetric method). Suspended oily sludge particle size is measured by using a laser particle analyzer (S3500, Microtrac Inc., USA).
For the extraction of SMP, mixed liquor samples are collected from the aeration room of two MBRs when the systems are stable. The mixed liquor samples were are initially centrifuged for 15 min at 5000 r/min. The supernatant obtained from each sample is filtrated through 0.45 μm cellulose acetate membrane. The filtrate is collected as SMP sample. The concentration and composition of EPS are analyzed by 3DEEM fluorescence spectra.
3DEEM Fluorescence Spectra
All the 3DEEM spectra are measured by using a luminescence spectrometry (LS-55, Perkin-Elmer, Japan). In this study, 3DEEM spectra are collected with corresponding scanning emission wavelength (Em) from 280 nm to 600 nm by varying the excitation wavelength (Ex) from 200 nm to 500 nm. The excitation and emission slits are maintained at 10 nm and the scanning speed is set at 1200 nm/min in this study. The spectra of Milli-Q water is recorded to eliminate water Raman scattering and to reduce other background noise.
Results and Discussion
Removal of Pollutants under Two Kinds of Aeration Conditions
The two MBR reactors are operated for 60 days under the conditions of DO of 1 mg/L and 4 mg/L. The removal efficiency of each pollutant is shown in Figure 2 . Figure 2 (a) depicts when DO is 1 mg/L, the removal rates of chemical oxygen demand (COD) between Reactor R1 and Reactor R2 are stable, with at about 80%; When DO is 4 mg/L, the removal rate of Reactor R1 is better than that of Reactor R2, and the microorganisms in Reactor R1 have slightly higher activity because the ordinary aeration can provide higher dissolved oxygen. Figure 2 (b) illustrates the removal rates of NH 3 -N by Reactor R1 and Reactor R2 is basically the same, when DO is 1 mg/L and 4 mg/L, the average removal rates are 85% and 93% respectively. Figure 2 (c) shows for the removal of total nitrogen (TN), Open Journal of Yangtze Gas and Oil the in Reactor R1 it is higher than the that in Reactor R2 when the DO is 1 mg/L, because when the DO is not high, the ordinary aeration produces more bubbles, which will enhance the degree of internal turbulence and denitrification was is more sufficient; whereas when the DO is 4 mg/L, the removal rates of Reactor R1 and Reactor R2 are not much different, the reason for this is the sludge in the two reactors mixed evenly and the growth environment is also consistent. Figure 3 shows the difference of trans-membrane pressure (TMP) in Reactor R1
The Condition of Two Kinds of Aeration Membrane Pollution
and Reactor R2 changes with the running time. As shown in the figure, when It can be seen from Figure 3 that for DO from 1 mg/L to 4 mg/L, the degree of membrane fouling of Reactor R1 and Reactor R2 is significantly reduced, the higher the DO is, the greater the fluid turbulence inside the reactor is. To some extent, the formation of concentration polarization on the outside of the membrane module is prevented, thereby delaying membrane fouling. This indicates that adjusting DO value is an effective means to alleviate the MBR membrane contamination, which deserves further study. Table 3 shows the concentration and sedimentation performance of sludge in two reactors after the stable operation under different aeration conditions. The mixed liquid suspension solid concentration (MLSS) in two reactors is not much different when the DO is 1 mg/L or 4 mg/L. According to the curve of membrane fouling in the Figure 3 , it is found that the MLSS in Reactor R1 and Reactor R2 is less changed much, but the membrane fouling has is changed, indicating that the MLSS value has no obvious relationship with the membrane fouling.
Relationship between Sludge Concentration and Sedimentation under Different Aeration Conditions
It can also be seen from the Reactor R1 with the curve of membrane fouling in Figure 3 , when DO in Reactor R1 changes from 1 mg/l to 4 mg/L, the SVI value changes from 101 mL/g to 159 mL/g, and the sedimentation is deteriorated and membrane fouling is alleviated. This may be due to the proliferation of some filamentous bacteria [27] [28], resulting in the formation of a small amount of granular sludge in the sludge, due to its high activity on the degradation of membrane surface pollutants, it achieves a reduction in membrane fouling. Comparing the SVI value and membrane fouling of DO in Reactor R2 at 1 mg/L and 4 mg/L, the SVI value is ranged from 107 mL/g to 84 mL/g, and membrane fouling is reduced, it is probably due to the fact that the microorganisms are in a more active state at a DO level of 4 mg/L. Therefore, under the same aeration mode, the SVI value of the sludge is related to the membrane fouling rate. Table 3 . Oily sludge concentration and settling properties.
Aeration way
Ordinary aeration(R1) Comparing the SVI values of Reactor R1 and Reactor R2 at a DO of 1 mg/L, it is known that the SVI value is slightly higher when microporous aeration is used, and the membrane fouling is alleviated, which confirms the above conclusion. Comparing Reactor R1 and Reactor R2 with DO of 4 mg/L, it is found that the SVI value is higher and the membrane fouling of Reactor R1 is higher. This is because the excessive SVI value in Reactor R1 caused some sludge to swell and the membrane fouling is slightly serious. Therefore, it is determine that the factors affecting the membrane fouling of the MBR system are SVI values rather than MLSS, and when SVI value is within the normal range, there is a certain relationship between the membrane fouling speed.
Relationship between Sludge Particle Size under Different Aeration Conditions
Oily sludge particle size distributions during the operation of two MBRs under different aeration conditions are shown in varies greatly, and when DO is high, the difference is not large. This is because when DO is low, the difference in aeration efficiency between the two is large, the ordinary aeration efficiency is low, a large number of bubbles are generated, and the shear stress caused is stronger, so the sludge size of Reactor R1 is smaller. The sludge of Reactor R2 has a large particle size. When DO is 4 mg/L, there are more bubbles in the two reactors, and the shear stress is larger, so the sludge particle size is not much different. It can also be seen from the figure that under the two aeration modes, when DO is raised to 4 mg/L, the sludge particle size is increased, which may also be a cause of sludge swelling in Reactor R1. It has been reported in the literature that in the MBR process, the strong shear stress generated by high aeration intensity can reduce the sludge particle size, and the smaller the sludge particle is, the more serious the membrane fouling is induced [29] [30] [31] . When DO is 1 mg/L, the smaller sludge size in Reactor R1 causes more serious membrane fouling. For the MBR under the same aeration mode, it can be seen from the figure that when DO is changed from 1 mg/L to 4 mg/L, the sludge particle size is increased. It can be inferred that when the DO was 4 mg/L, the large sludge particle size can alleviate the membrane fouling to a certain extent. 
Analysis of SMP Characteristics under Different Aeration Conditions
It is reported that part of the reason for the membrane fouling during MBR operation is the concentration of extracellular polymer (EPS) in the sludge mixture There is also a shoulder Peak D. According to a classification scheme by Chen et al. [34] , the first peak (Peak A) and second peak (Peak B) are located in Regions II and IV whose fluorescence is due to the presence of tyrosine aromatic protein and soluble microbial by-product-like products compounds respectively. The third peak (Peak C) is located in Region V (humic acid-like), whereas the fourth peak (Peak D) is located in Region III, whose fluorescence is fulvic acid-like organics. is better than that in Reactor R2. When DO is changed, there is a slight variation in NH 3 -N removal rate in two systems. When DO is 1 mg/L, the TN removal rate in Reactor R1 is higher than that in Reactor R2, whereas DO is 4 mg/L, the removal rates in Reactor R1 and Reactor R2 are basically the same.
2) The membrane fouling in Reactor R2 is slower relatively as compared to
Reactor R1 when DO is set for either 1 mg/L or 4 mg/L. Under the condition of the same aeration bubble, when DO is 4 mg/L rather than 1 mg/L, the membrane fouling rate is slow.
3) The characteristics of MBR oily sludge mixture fluid under micropore aeration and ordinary aeration are analyzed. It is found that concentration of oily sludge has nothing to do with the membrane fouling, however, sedimentation of oily sludge can have a certain impact on membrane fouling, and the small particle size oily sludge caused by ordinary aeration is an important parameter as it can affect membrane fouling.
4) 3DEEM spectra demonstrate that the main organic substances of the SMP in two reactors are tyrosine aromatic protein, fulvic acid-like substances and soluble microbial products under DO are 1 mg/L and 4 mg/L, respectively.
5) 3DEEM fluorescence spectroscopy of SMP in the oily sludge mixture fluid is found that the key factor leading to membrane fouling is the content rate sum of III and IV, that is, the content rate sum of the fulvic acid-like substances, soluble microbial products and membrane fouling are accelerated as the ratio is increased.
